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Abstract We demonstrate the demodulation of an eigenvalue-modulated signal combining an artificial
neural network with a CFO compensation. The proposed demodulator achieves successful demodula-
tion with power penalty < 1 dB in the presence of CFO within 1 GHz at 2.5 Gb/s in experiments.

Introduction

Optical eigenvalue modulationl"l that is based
on the inverse scattering transform (IST)? is a
promising approach for overcoming the nonlin-
ear Kerr limit in optical fiber communication sys-
temsBI'2 In recent years, the IST has become
well-known as a nonlinear Fourier Transform
(NFT). The eigenvalues of the eigenvalue equa-
tion associated with the nonlinear Schrddinger
equation (NLSE) are invariant even though the
signal waveform and frequency spectrum change
during propagation in optical fiber.

To increase the transmission capacity, various
eigenvalue modulation schemes have been pro-
posed, such as the on-off encoding of multi-
eigenvalues®l and phase shift keying modu-
lation of the spectral amplitude for multi-soliton
pulsest®l. Furthermore, to facilitate improvement
in the received power margin, several recent stud-
ies have investigated machine learning-based de-
modulation methods for eigenvalue modulation,
such as classification[° and equalization!0-'1],
Demodulation methods based on time-domain
(TD) artificial neural networks (ANNs) outper-
formed the conventional IST-based demodulation
method in terms of the bit error rate (BER) perfor-
mance with a large power marginl’}8l. Moreover,
we proposed an eigenvalue domain (ED)-ANN-
based demodulation method, which does not re-
quire model training for each transmission dis-
tancel®’. However, a detailed analysis of the ef-
fects of the carrier frequency offset (CFO) on ANN
receiver for eigenvalue-modulated signal is yet to
be reported.

In this paper, we numerically and experi-
mentally investigate the generalization perfor-
mances of ED-ANN-based demodulator on CFO.
Moreover, we propose to combine an ED-ANN-
based demodulator with a CFO compensation
method based on IST. The proposed demodula-

tor achieves successful demodulation with power
penalty < 1 dB in the presence of CFO within 1
GHz at 2.5 Gb/s in experiments.

Eigenvalue modulation and demodulation

In this work, we employed eigenvalue modula-
tion with on-off encoding!® of four eigenvalues
(N = 4) and an ED-ANN based-demodulator.
Fig. 1 shows the modulation and demodulation
schemes. This modulation begins with a se-
quence (seq.) of N bits encoded into an eigen-
value pattern, which is the on-off state of the com-
plex eigenvalue (,. Next, the encoded eigenvalue
pattern is converted into an input pulse by using
IST®. Then, the converted pulse corresponds to
a symbol carrying N information bits. The optical
eigenvalue-modulated signal is transmitted over
the optical fiber transmission line. At the receiver,
the received pulse is converted into an eigenvalue
pattern using IST. The real and imaginary parts
of the detected eigenvalues are input to the ANN,
which outputs the probability parameter of the bit
seq. that corresponds to the detected eigenvalue
pattern. For a sampling rate of 32 samples per
pulse, the number of detected eigenvalues includ-
ing the continuous spectrum, is also 32, and there
are 64 input elements comprising 32 real and 32
imaginary parts of those eigenvalues. The num-
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Fig. 1: Eigenvalue modulation and demodulation(®!
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Fig. 2: Overview of the proposed CFO compensation

ber of output elements is 16, corresponding to the
number of eigenvalue patterns (i.e. 2* = 16).

CFO compensation
To emphasize the generalization performance of
the CFO, we propose the combining a CFO esti-
mation method in ED with the ED-ANN demodu-
lator. In related workl'?l, CFO is estimated in the
ED and compensated in the scattering parameter
b(¢) domain for b-modulation. It is expected that
the CFO estimation in the ED is more accurate
than that in linear frequency domain particularly
for CFO below a half of baudrate. In this work,
we estimate CFO in the ED and compensate it in
the TD for an on-off encoded signal to suppress
eigenvalue position slips at high soliton frequency.
Fig. 2 shows an overview of the proposed CFO
compensation method. In the eigenvalue domain,
the real part of the eigenvalue Re[(] refers to the
soliton frequency!®l. Regarding the frequency off-
set, the following relationship between the TD sig-
nal u(7T") and eigenvalue ¢ is well-known,

u(T) exp(—i2nFT) < ( — «F, (1)

where u(T), T and F' represent the normalized
complex amplitude, time, and frequency, respec-
tively. Hence, the frequency offset f,¢se: in the
actual TD is converted to a shift A(,...; of the real
part of the eigenvalue in the ED. In the proposed
method, the estimated frequency f,fssc: is 0b-
tained from the eigenvalues (;yqin and (piior Of the
training pulse and pilot pulses,

ACreal _ Re[Ctrain} - Re[gpilot]
7Tt0 7Tt0

()

foffset =

where t, is the base time satisfying T' = ¢ /¢, and
t is the actual time. The CFO of the test data is
compensated for in TD by using the estimated fre-
quency offset f, frset- FOr a practical system, the
ED-ANN can cover CFO fluctuations by inserting
periodic pilot soliton pulses.
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Fig. 3: Simulation model

Simulations

Fig. 3 shows the simulation model. For eigen-
value modulation, we used the four optical eigen-
values ¢ = {—0.25 + i0.25,0.25 + i0.25, —0.25 +
i0.5,0.25 + i0.5} € C. The modulation was per-
formed at 10 Gsample/s, the pulse duration was
1.6 ns, and the bit rate was 2.5 Gb/s. We con-
firmed the B-to-B operation to demonstrate its util-
ity. We assumed that the phase noise was negli-
gible, and that the CFO was constant in each BER
test.

ANN configuration and parameters for demodu-
lation (demod.) are described in the previous sec-
tion. We used a three-layer perceptron configura-
tion and a rectified linear unit activation function.
The number of hidden units was set to 256. We
used the soft max function as the output function,
and the cross-entropy error function as the loss
function. We prepared a block signal that con-
sists of 32 pulses of the pilot signal, 2,468 pulses
of the dummy signal, random pulse sequences
of 10,000 for the training and 50,000 pulses for
the validation and BER tests. The block signal
length was 100 us. The ANN was trained us-
ing the Adam optimizer!'l, and the training data
was uniformly extracted from available data sets
with OSNR values in the 0—20 dB range. To avoid
over-fitting, the training was terminated when the
validation result (obtained once every 50 epochs)
ceased to improvel'. For CFO compensation
(comp.), we used 32 pilot pulses having the eigen-
value pattern “0010” (¢ = 0.25 4 i0.25).

Fig. 4 shows the BER curves obtained using
test data of various CFOs and the ED-ANN de-
modulator trained with training data of CFO=0
Hz. The ED-ANN without CFO compensation
is valid for a CFO below 125 MHz with a small
power penalty < 1 dB under the modulation con-
ditions of this simulation. For CFO values over
1 GHz without CFO compensation, the ED-ANN
trained with data of CFO=0 Hz cannot demod-
ulate the received signal because of the large
eigenvalue shift as shown in Fig. 5(a). Using
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Fig. 4: BER curves in the simulation
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the proposed CFO compensation, we can see
that the eigenvalue shifts A(,...; are compensated
from Fig. 5(b). As a result, the ED-ANN de-
modulator with CFO compensation achieved a
successful demodulation with almost no OSNR
penalty in the presence of CFO within 2.5 GHz.

Experiments

Fig. 6 shows an experimental set up for demon-
stration of the proposed CFO compensation and
ED-ANN demodulation. For eigenvalue modula-
tion, the same eigenvalue pattern comprising four
optical eigenvalues and modulation conditions
described in the previous section for the simula-
tion were considered. An eigenvalue-modulated
signal was generated by an offline digital sig-
nal processing (DSP). The optical signal was
generated using an arbitrary waveform generator
(AWG) and an 1Q modulator. The amplified spon-
taneous emission (ASE) noise source before the
receiver was used to measure the BER curves.
At the receiver, the required DSP for demodula-
tion was performed offline at 20 Gsample/s. ANN
configuration, training condition, and CFO com-
pensation parameters were maintained identical
to those described in the simulation. We changed
the CFO by adjusting wavelength of the local os-
cillator (LO) light. When the set point of wave-
length \1o of the LO was 1550.012 nm, the CFO
was minimized. Hence, the ED-ANN was trained
for A\,0=1550.012 nm and the test data were col-
lected in the range of A\ p=1550.012-1550.032
nm.

Fig. 7 shows the BER curves with varying
wavelengths of LO. A\ denotes the difference in
wavelength between the training and test data.
Without the CFO compensation, a large OSNR
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Fig. 6: Experimental setup
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Fig. 7: BER curves in the experiments
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penalty due to the eigenvalue shift was observed
for AX over 2 pm (~250 MHz). On the other
hand, the ED-ANN with CFO compensation can
demodulate an eigenvalue-modulated signal even
for AA = 20 pm (~2.5 GHz). The OSNR re-
quiered to achieve the forward error correction
(FEC) limit of 3.8 x 10~3 is shown in Fig. 8. By
using the proposed CFO compensation method,
the OSNR penalty at the FEC limit can be sup-
pressed below 1 dB when A\ < 8 pm (~1 GHz).

Conclusions

We proposed the demodulation of an eigenvalue-
modulated signal by combining an ED-ANN with
an IST-based CFO compensation method. By
performing both numerical simulations and proof-
of-concept experiments, we successfully demon-
strated a demodulation with OSNR penalty < 1dB
in the presence of CFO within 1 GHz at 2.5 Gb/s.

Acknowledgements
This work was supported by JSPS KAKENHI
Grant Number JP19H02140.



References

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

E)

(10]

(1]

[12]

[13]

[14]

A. Hasegawa and T. Nyu, “Eigenvalue communication”,
IEEE/OSA J. Lightw. Technol., vol. 11, no. 3, pp. 395—
399, Mar. 1993.

M. J. Ablowitz and H. Segur, Solitons and the Inverse
Scattering Transform. Philadelphia, PA, USA: SIAM,
1981.

S. K. Turitsyn, J. E. Prilepsky, S. T. Le, S. Wahls, L. L.
Frumin, M. Kamalian, and S. A. Derevyanko, “Nonlin-
ear fourier transform for optical data processing and
transmission: Advances and perspectives”, OSA Op-
tica, vol. 4, no. 3, pp. 307-322, Mar. 2017.

S. Hari, M. I. Yousefi, and F. R. Kschischang, “Multi-
eigenvalue communication”, IEEE/OSA J. Lightw. Tech-
nol., vol. 34, no. 13, pp. 3110-3117, Jul. 2016.

T. Kodama, T. Zuiki, K. Mishina, and A. Maruta, “Hyper
multilevel modulation based on optical eigenvalue mul-
tiplexing”, in Proc. Photon. in Switching and Computing
(PSC), Limassol, Cyprus, Sep. 2018, pp. 1-2.

V. Aref and H. Buelow, “Design of 2-soliton spectral
phase modulated pulses over lumped amplified link”, in
Proc. 42nd European Conf. on Opt. Commun. (ECOC),
Dusseldorf, Germany, Sep. 2016, pp. 409-411.

R. T. Jones, S. Gaiarin, M. P. Yankov, and D. Ziber,
“Time-domain neural network receiver for nonlinear fre-
quency division multiplexed systems”, IEEE Photon.
Technol. Lett., vol. 30, no. 12, pp. 1079-1082, Jun.
2018.

K. Mishina, S. Yamamoto, T. Kodama, Y. Yoshida, D.
Hisano, and A. Maruta, “Experimental demonstration of
neural network based demodulation for on-off encoded
eigenvalue modulation”, in Proc. 45th European contf.
on Opt. Commun. (ECOC), Dublin, Ireland, Sep. 2019,
pp. 1-4.

K. Mishina, S. Sato, S. Yamamoto, Y. Yoshida, D.
Hisano, and A. Maruta, “Demodulation of eigenvalue
modulated signal based on eigenvalue-domain neural
network”, in Proc. The Optical Fibrer Commun. Conf.
(OFC), San Diego, CA, USA, Mar. 2020, pp. 1-3.

Y. Wu, L. Xi, X. Zhang, Z. Zheng, J. Wei, S. Du, W.
Zhang, and X. Zhang, “Robust neural network receiver
for multiple-eigenvalue modulated nonlinear frequency
division multiplexing system”, OSA Opt. Exp., vol. 28,
no. 12, pp. 18 304—18 316, Jun. 2020.

O. Kotlyar, M. Pankratova, M. Kamalian-Kopae, A. Va-
sylchenkova, J. E. Prilepsky, and S. K. Turitsyn, “Com-
bining nonlinear fourier transform and neural network-
based processing in optical communications”, OSA
Opt. Lett., vol. 45, no. 13, pp. 3462-3465, Jul. 2020.

Z. Zheng, X. Zhang, R. Yu, L. Xi, and X. Zhang, “Fre-
quency offset estimation for nonlinear frequency divi-
sion multiplexing with discrete spectrum modulation”,
OSA Opt. Exp., vol. 27, no. 20, pp. 28 223-28 238, Sep.
2019.

D. Kingma and J. Ba, “Adam: A method for stochastic
optimization”, in Proc. 3rd International Conf. for Learn-
ing Representation (ICLR), San Diego, CA, USA, May
2015, pp. 1-15.

|. Goodfellow, Y. Bengio, and A. Courville, Deep Learn-
ing. Cambridge, MA, USA: MIT Press, 2016.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


